Abstract. Mesenchymal stem cells (MSCs) have been used in cell-based therapy for various diseases, due to their immunomodulatory and inflammatory effects. However, the function of MSCs is known to decline with age, a process that is called senescence. To date, the process of MSC senescence remains unknown as in-depth understanding of the mechanisms involved in cellular senescence is lacking. First, senescent MSCs are so heterogeneous that not all of them express the same phenotypic markers. In addition, the genes and signaling pathways which regulate this process in MSCs are still unknown. Thus, an understanding of the molecular processes controlling MSC senescence is crucial to determining the drivers and effectors of age-associated MSC dysfunction. Moreover, the proper use of MSCs for clinical application requires a general understanding of the MSC aging process. Furthermore, such knowledge is essential for the development of therapeutic interventions that can slow or reverse age-related degenerative changes to enhance repair processes and maintain healthy function in aging tissues. To further clarify the properties of senescent cells, as well as to present significant findings from studies on the mechanisms of cellular aging, we summarize these biological features in the senescence of MSCs in this scenario. This review summarizes recent advances in our understanding of the markers and differentiation potential indicating MSC senescence, as well as factors affecting MSC senescence with particular emphasis on the roles of oxidative stress, intrinsic changes in telomere shortening, histone deacetylase and DNA methyltransferase, genes and signaling pathways and immunological properties. 
Introduction
Although the differentiation potential of mesenchymal stem cells (MSCs) is relatively restricted compared to pluripotent stem cells such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), MSCs are more feasible and a much safer source for cell therapy in regards to the risk of transplanted stem cells forming tumors and becoming cancerous. To date, cultures of MSCs have been successfully established from bone marrow, umbilical cord blood, trabecular bone, periosteum, synovium, placenta, pancreas, adipose tissue, skin, lung and thymus (1, 2) . MSCs have the property of self-renewal and commit to multiple cell lineages, such as bone, cartilage, adipose, mus cle, tendon, stroma and neuronal cells (3) , which make them overwhelmingly useful tools in tissue engineering and regenerative medicine. MSCs show immunomodulatory effects, which attenuate the functions of dendritic cells (DCs) through the suppression of the MHC II molecule and co-stimulatory molecules (4, 5) . MSCs were also found to be immune suppressive in mixed lymphocyte assays by inhibiting T-cell proliferation (6) . They also own the ability to support parenchymal cells as a niche with which to maintain cell pools and constitutively secrete a distinct set of cytokines and growth factors for maintaining homeostasis of the microenvironment throughout their lifetime (7) . Thus, MSCs have been broadly applied in the treatment of various diseases, including graft-versus-host disease (GVHD), Crohn's disease (CD), diabetes mellitus (DM), multiple sclerosis (MS), myocardial infarction (MI), liver failure, and rejection after liver transplant (8) . Unfortunately, the function of MSCs is known to decline with age, a process that may be implicated in the loss of maintenance of tissue homeostasis leading to organ failure and diseases of aging (9) . Therefore, the proper use of MSCs for clinical applications requires a general understanding of the MSC aging process. Understanding the molecular processes controlling MSC proliferation, senescence and commitment to specific differentiated cell lineages is not only crucial to determining the drivers and effectors of age-associated MSC dysfunction but essential for the development of therapeutic interventions that can slow, even reverse, age-related degenerative changes to enhance repair processes and maintain healthy function in aging tissues.
Senescence of mesenchymal stem cells (Review)
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Markers of senescent MSCs
Earlier passage MSCs have been demonstrated to have better colony efficiency compared to later passage MSCs (10) . The classic features characterizing the senescence phenotype of MSCs include growth arrest in the G1 phase of the cell cycle, enlarged or flattened morphology, increased expression of senescence-associated β-galactosidase (SA-β-gal) and senescence-associated lysosomal α-L-fucosidase (SA-α-Fuc), and surface marker alteration (11) . Senescent MSCs usually become flat and hypertrophic with constrained nuclei and granular cytoplasm resulting from accumulation of cell debris. They have an excess of actin fibers and decreased adherence to plastic surfaces. The level of autofluorescence is increased due to lipofuscin aggregation.
The colony-forming unit-fibroblast (CFU-F) assay can be used to estimate the proliferative and clonogenic potential of MSCs in culture. MSCs are plated on plastic culture dishes at a low density and cultured under conditions that allow individual CFU-F to adhere and proliferate. The number of colonies present indicates the ability to proliferate, and the senescent MSCs show a decreased level of CFU-F.
Senescence marker, SA-β-gal, is widely used in the assay of senescent cells. Histochemical detection of SA-β-gal expression by senescent cells was first published in 1995, and continues to be one of the most common assays used to assess the senescence of MSCs. The percentage of SA-β-gal-positive MSCs is obviously increased during the process of aging, which is caused by increased lysosomal activities and altered cytosolic pH (12, 13) .
Recently, SA-α-Fuc has been identified as a novel marker of senescence that is upregulated in response to replicative, DNA damage-, and oncogene-induced senescence. Furthermore, as a marker of senescence, SA-α-Fuc is a more sensitive and robust biomarker for cell senescence when compared with SA-β-gal at the transcriptional and enzymatic levels (14) .
The International Society for Cellular Therapy (ISCT) has proposed the minimal criteria for the definition of MSCs in 2006: i) adherence to plastic; ii) expression of surface markers CD90, CD73 and CD105, in the absence of CD45, CD34, CD14, CD11b, CD79α, CD19 and HLA-DR; and iii) multipotent differentiation potential of chondrocytes, osteoblasts, and adipocytes under different standard conditions in vitro (15) . These markers are expressed at similar levels in early-passage, young and late-passage senescent MSCs indicating that their value may be limited only to basic MSC characterization (16) . Other potential positive and negative antigenic markers have been suggested to identify senescence since Stro-1 (17), CD106 (VCAM-1) (18) and CD146 (MCAM) (19) expression levels are downregulated during prolonged culture. Moreover, CD106 expression is also strongly downregulated in MSCs after differentiation in adipogenesis, osteogenesis, and chondrogenesis, suggesting that CD106 may be a marker of undifferentiated cells within expanded MSC cultures. Meanwhile, CD295 (leptin receptor) was found to increase as a function of intrinsic cellular aging, suggesting its ability to mark apoptotic cells (20) . Based on the above-mentioned findings, these markers of MSCs can be classified into two categories. One category includes molecules that are stably expressed, such as CD73, CD90 and CD105 showing little association with culture history and aging status. The second group of markers, such as Stro-1 or CD106, contains molecules which show dependency on donor, culture passage or other variables including cell seeding density, cell homing or attachment properties.
Changes in the differentiation potential of senescent MSCs
MSCs are known as having high osteogenesis and adipogenesis potential, and the switch between osteogenetic and adipogenetic commitment and differentiation is mediated through numerous transcription factors and signaling pathways. The mutual exclusivity of cell fate is thought to be determined by factors such as the CCAAT/enhancer binding protein (C/EBP), as well as peroxisome proliferator-activated receptor γ (PPARγ), which promote adipocyte maturation, or runt-related transcription factor/core binding factor α1 (RUNX2/CBFA1), an osteoblastic transcriptional mediator (21) .
Some studies indicate that the osteogenic activity of MSCs deteriorates as a function of increasing lifespan, which is in line with the loss of bone-forming efficiency. This osteogenesis is attributed to the expression of RUNX2/CBFA1 through the PI3K-AKT pathway. It is an essential transcription factor for the osteogenic/chondrogenic lineages as an activator and marker of osteogenesis of MSCs (22, 23) and a slight decline is ob served in its expression with age (24) . Receptor activator of nuclear factor-κB ligand (RANKL), which is essential for the differentiation and maintenance of osteoclasts, was observed to be highly expressed in late-passage MSCs. The transforming growth factor-β (TGF-β)/SMAD3 signaling pathway is critical for osteogenic differentiation and can induce ERK phosphorylation. In addition, an inhibitor of ERK was found to suppress osteogenic differentiation induced by TGF-β alone (25, 26) .
According to reports, the adipogenic differentiation potential of MSCs remained unchanged, became worse or was enhanced. However, there is a general agreement that the adipogenesis potential of MSCs tends to decline with consecutive passages under standard culture conditions. PPARγ, a member of the ligand-activated nuclear receptor superfamily, is regarded as an adipogenic-specific transcription factor, inducing the transcriptional activation of many different target genes involved in lipid metabolism and adipocyte differentiation. It has been reported that expression of PPARγ decreases during aging, and impaired PPARγ and C/EBP shift the fate of MSCs toward the osteoblast lineage. The WNT/β-catenin signaling pathway can suppress C/EBP and PPARγ, favoring MSC differentiation to osteoblasts, and therefore are regarded as master moderators of adipogenesis and osteogenesis (27) . The phosphorylation of AKT by insulin was found to suppress FOXO3 expression and activate PPAR, which reverses differentiation balance and promotes adipogenesis potential. Activation of the PPARγ transcription factors by agonists such as thiazolidinedione compounds may be a strategy worthy of trial for the functional expansion of MSCs. Leptin, an important paracrine signaling molecule, may modulate the reciprocal differentiation of stromal cells between the osteoblastic and adipogenic pathway, and is associated with aging (28) . It increases proliferation, differentiation toward osteoblasts, and inhibits differentiation to adipocytes (21) . However, some studies demonstrated that blockade of leptin in MSC cultures abolished induced senescence through the PI3K/AKT signaling pathway. Recent findings on glucagonlike peptide-1 (GLP-1) also indicate that it has effects on the differentiation of MSCs into osteoblasts and adipocytes. GLP-1 upregulates the activity and mRNA expression of osteoblast-specific marker, alkaline phosphatase (ALP) and the mineralization of calcium, while suppressing the expression of PPARγ, LPL and adipocyte protein 2 (AP2) (29) . Factors such as lipoprotein lipase (LPL), which are involved in the metabolism of fat, also induce the differentiation of MSCs away from an osteoblast phenotype to adipocytes (30).
ROS accumulation: base of senescence
The free radical theory of aging was first proposed in 1956 (31) . Free radicals are unstable molecules that have an unpaired electron, including nitric oxide (NO), several of the reactive oxygen species (ROS), and their reactive products. ROS include superoxide anions (O 2 -), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (OH•), ~90% of which are generated in cells by the mitochondrial respiratory chain (32, 33) . The NADPH Nox family of oxidases is another major source of ROS (34) . Other extrinsic factors (radiation, ultraviolet light and growth factors) also cause ROS production.
Oxidative stress is defined as an imbalance between the production of free radicals/ROS and antioxidants (35) . Superoxide dismutase (SOD), catalase, peroxiredoxin, thioredoxin and glutathione systems are known as antioxidative enzymes (36) . Among these antioxidants, SOD is a class of enzymes that catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide, which plays the most important role. Studies have found reduced SOD ac tivity along with increasing NO, ROS, oxidized and glycated protein levels in late-passage MSCs (37, 38) .
The markers of stress resistance, heat shock proteins (HSPs), play a central part in stem cell differentiation and self-renewal. The responsiveness of MSCs to HSPs decreases with age. Thus impaired HSPs and stress response lead to reduced protective mechanisms, proliferation and differentiation capacity (39) . Ataxia telangiectasia mutated (ATM) serine threonine protein kinase is a critical enzyme in the regulation of the stress response to DNA damage, specifically double-strand DNA breaks. Loss-of-function mutations in ATM are associated with MSC senescence (40) .
Nuclear factor erythroid 2-related factor 2 (NRF2) is a master regulator and transcription factor in response to oxidative stress, and activates various antioxidant responsive element (ARE)-dependent genes encoding the above-mentioned antioxidants. NRF2 has been shown to critically control MSC survival under oxidative damage. The activity of NRF2 declines during senescence (32,37) while its activation induces lifespan extension of MSCs (41) .
The PI3K/AKT/mTOR/FOXO3 signaling pathway is a critical regulator of stress responses. It is reported that in the presence of high levels of ROS, FOXO3 expression is activated, and inhibition of FOXO3 results in fewer apoptotic cells and better viability (42) . Moreover, the p38/MAPK signaling pathways are also responsible for establishing an irreversible ROS-induced MSC senescence, and suppression of the p38/ MAPK pathway results in partial prevention.
The ongoing oxidative process leads to DNA damage, protein damage and mitochondrial dysfunction, which are interconnected and cause reciprocal transformation (Fig. 1) . Defects in proteostasis commonly lead to aberrant folding, toxic aggregation and accumulation of damaged proteins, which can in turn cause cellular damage and tissue dysfunction (43) . In brief, ROS accumulation in MSCs contributes to the loss of homeostasis, leading to senes cence (44).
Intrinsic changes in senescent MSCs
Telomere and telomerase. Hayflick and Moorhead uncovered the fact that primary fibroblasts exhibit only a finite proliferative capacity in culture, before they exit the cell cycle in a state known as replicative senescence and the term has been coined the Hayflick phenomenon. It has been demonstrated that progressive telomeric erosion associated with the accumulation of DNA damage causes this phenomenon (45) . The in vitro lifespan of MSCs reportedly ranges from ~20-40 doublings (46) . Telomere shortening is observed over a lifetime, and it is estimated that every year telomeres shorten by ~17 bp during aging (47) . In MSCs, the average telomere length in early-passage MSCs depends on the age of the tissue donor and it has been postulated to range from 10 to 11 kb in cells from fetal tissues to 7 kb in cells from postnatal sources (48) . Other studies have reported longer telomere lengths varying from 11-13 to 9-10 kb in early MSC cultures (49, 50) . Telomere-dependent MSC senescence has been confirmed. MSCs ultimately cease growth when telomeres reach the length of 5.8-10.5 kb (51) and DNA damage occurs to the telomeric DNA (52) . Telomerase prevents telomere erosion and induces telomere elongation by continuous restitution of the lost TTAGGG repeats at the chromosome termini (53) , but the expression of telomerase in MSCs is undetectable throughout the entire cell lifespan (54, 55) . The function of telomerase may relate to p53 (56) and TGF-β1 (57), which are both significant repressors (58) . Although telomere shortening is a hallmark of cell senescence, the length of telomeres varies from donor to donor, making telomere length an unreliable measure of MSC senescence. In addition, it can extent cell lifespan beyond the natural limit upon introduction of the telomerase catalytic subunit hTERT (59).
Epigenetic changes. Histone deacetylases (HDACs) are a class of enzymes that catalyze the removal of acetyl groups from the ε-amino group of lysine residues in the histone tail. HDACs can act as transcription regulators by sustaining the balance between the chromatin status of acetylated and deacetylated histones and regulate stem cell properties. Thus, the DNA status can be modulated as relaxed euchromatin forms, or condensed heterochromatin forms (60) . MSCs undergo aging and spontaneous differentiation with the epigenetic dysregulation of histone H3 acetylation on K9 and K14, without affecting the methylation of their promoter sites (61) . During the progression of MSC senescence, HDAC inhibitors were found to downregulate polycomb group genes (PcGs) including BMI1, EZH2and SUZ12, and upregulate jumonji domain-containing 3 (JMJD3). The expression of EZH2 and SUZ12 was also regulated by the phosphorylation status of the retinoblastoma (RB) protein following HDAC inhibitor treatment (62) . HDAC inhibitors also activate a set of microRNAs (miRNAs) (let-7a1, let-7d, let-7f1, miR-23a, miR-26a and miR-30a) by altering the histone modification patterns within the vicinity of miRNA and RNA polymerase coding regions. Activated miRNAs strongly suppress the translation of high mobility group A2 (HMGA2), which in turn regulates cellular senescence genes, including p16
INK4a /CDKN2A (63). Sirtuin 1 (SIRT), an NADH-dependent protein deacetylase, plays a preventive role in many aging-associated disorders. It has been reported that SIRT1 expression is reduced in senescent MSCs, while its overexpression delays the onset of senescence and the loss of differentiation capacity (64) .
The DNA methylation status of MSCs is proposed to be a better method for monitoring aging of MSCs. Gene expression can be regulated by DNA methylation through interference with transcription factors or methyl-CpG binding proteins, leading to the silencing of respective promoter regions (65) . A correlation between histone acetylation and DNA methylation suggests that histone acetylation possibly determines DNA methylation (66) . DNA methyltransferases (DNMTs) modulate the patterns of polycomb-mediated histone acetylation and methylation. Expression levels of DNMT1 and DNMT3B are significantly decreased during the replicative senescence of MSCs, leading to a decrease in the DNA methylation level, called hypomethylation, which is a distinct feature of senescent cells. In contrast, DNMT3a expression was found to be increased during replicative senescence, participating in the new methylation associated with senescence. DNMT inhibitors, such as 5-azacytidine, can upregulate cyclin-dependent kinase (CDK) inhibitors, p16
INK4a /CDKN2A, p21 CIP1/WAF1 and miRNAs targeting EZH1, and the induction of cellular senescence in MSCs (67) . 
that p16
INK4a /CDKN2A is an important regulator of MSC aging (69) .
HMGA2 encodes a protein that belongs to the nonhistone chromosomal HMGA protein family. It consists of three DNA binding domains containing 8-9 amino acids (AA) and shows high affinity for short AT-rich sequence (70) . As an architectural transcription factor, HMGA2 is involved in gene regulation. HMGA2 overexpression activates genes related to cell proliferation, such as cyclin A, cyclin F, cyclin E1 and CD25A (72) . It also induces AKT phosphorylation and its downstream effectors in the mammalian target of rapamycin (mTOR)/p70S6K pathway, which is a serine/threonine protein kinase that regulates cell growth, cell proliferation and cell survival (71) . The expression of HMGA2 decreases with age in MSCs, combined with the increased expression of p16
INK4a /CDKN2A, p19 ARF , p21 CIP1/WAF1 and p27 KIP1 (73) . RB encodes the RB protein, which controls cell cycle progression from G1 into S phase by binding to E2F and inhibiting its activity (72) . Recently, the mechanism of RB mediation was shown to play a positive role in regulating MSC properties by affecting DNA methylation via upregulation of DNA methyltransferase 1 (DNMT1) (73) . In contrast, knockdown of the RB gene induces senescence (74) . Thus, the RB gene is involved in the control of the MSC properties of aging and stemness (75) .
The LMNA gene encodes nuclear lamina, which is composed of the A-and B-type lamins. Lamins A and C are members of the A-type lamins, which are derived from alternative splicing and are localized to the nuclear envelope and nucleoplasm. Lamins A and C can regulate important cellular events including DNA replication, cell division, transcriptional regulation and structural support (76) . Usually, prelamin A, the precursor of lamin A, is catalyzed by ZMPSTE24/FACE-1, which is a membrane zinc metalloproteinase (77) . Mutation of the LMNA gene produces progerin, which lacks the cleavage site for ZMPSTE24/FACE-1, resulting in the accumulation of farnesylated prelamin A. The accumulation of progerin and prelamin A leads to premature senescence characterized by nuclear blebbing, heterochromatin damage of HP1 and LAP2 and defects in DNA replication, transcription and repair (78) . The introduction of progerin into MSCs interferes with cellular function by activating the major downstream effectors of the Notch signaling pathway and alters the differentiation potential (79) . It has been reported that ZMPSTE24 expression is severely affected by replicative or HDAC inhibitor-mediated senescence in MSCs (80) .
Immunological properties. Many cytokines and growth factors are secreted by MSCs and self-regulate their proliferation in culture, including interleukin-1 (IL-1), IL-3, IL-4, IL-6, IL-8, IL-17, epidermal growth factor (EGF), fibroblast growth factors-2 (FGF-2), FGF-4 and FGF-8, hepatocyte growth factor (HGF), insulin growth factor-1 (IGF-1), platelet-derived growth factor (PDGF), TGF-β and vascular endothelial growth factor (VEGF) (81) . These factors are called senescenceassociated secretory phenotype (SASP) factors (82) , and some are crucial to MSC senescence as well. In addition, SASP mediated-inflammatory factors are also interconnected with inflammatory process. For example, in the presence of an inflammatory environment [high levels of tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) ], MSCs become activated through Toll-like receptor (TLR)4 (83) and adopt an immune-suppressive phenotype by secreting high levels of soluble factors, including IDO, PGE2, NO, TGF-β, HGF and hemoxygenase (HO) (84) . Moreover, TNF-α and IFN-γ activate CD106 expression in senescent MSCs. HO-1 degrades production of hemebiliverdin and carbon monoxide and exerts strong positive effects on osteogenesis while suppressing adipogenesis in MSCs (85) . Thus, it plays a key factor as a stress-responsive, cytoprotective and immunoregulatory molecule.
The employment of exogenous TGF-β expression was found to trigger premature cell senescence in MSCs confirming the role of TGF-β, with concomitant activation of p16 INK4a and p21 CIP1 checkpoints (86) . Analysis of the gene expression profile in senescent MSCs has shown that TGF-β is increased in a dose-dependent manner (87) . This effect coincided with upregulated SMAD3, a major signaling molecule for TGF-β. Inhibition of TGF-β receptor signaling was found to promote the culture expansion of undifferentiatied MSCs (88).
Strategies to prevent senescence
For the use of MSCs in therapy, methods that allow the generation of large populations of MSCs without affecting their properties of differentiation or immunomodulation need to be established. The information described in this review may suggest a possible method to improve the therapeutic efficacy by regulating specific factors or the microenvironment associated with the MSC aging process. A number of senescent suppressors that function in the damage response or defense against oxidative stress are involved in modulation of the lifespan of human primary cells. Some of these suppressors, when overexpressed in human MSCs, induce substantial expansion of the proliferative potential and delay replicative senescence to an extent worthy of practical consideration.
The antioxidant N-acetyl-L-cysteine (NAC), a precursor of glutathione and a direct ROS scavenger, has been used as a therapeutic agent to ameliorate the damaging effects of ROS (89) . Other antioxidants such as ascorbic acid and inhibitors of p38/MAPK or mTOR can markedly improve ROS-mediated injury in MSCs and lead to full recovery (90) . NRF2 activation may also be an alternatively excellent strategy to extend the lifespan of BMSCs (91) .
The introduction of hTERT into MSCs resulted in a substantial multiplication of their replicative lifespan accompanied by the preservation of a normal karyotype, elongation of telomeres and loss of the senescent phenotype without impact on differentiation ability (92, 93) . Several small molecular compounds, such as aspirin and vitamin C, as well as FGF-2, have been developed to activate the endogenous telomerase of MSCs, achieving similar effects of improved proliferative and osteogenic potential in recent research (94) . However, this is ill-advised for clinical applications given the small but possible risk of malignant transformation.
Genetic engineering of cells is one possible approach for preventing MSC aging (95) . Knockdown of p16
INK4a / CDKN2A (96) or silencing of RB (75) in MSCs rescues the senescent phenotype and increases the proliferation rate and clonogenicity. However, silencing of these tumor-suppressorgenes disrupts differentiation potential and increases tumorigenesis risks. Knockdown or silencing of miR-195 significantly increases hTERT, phosphorylation of AKT and FOXO3 expression and induces telomere relengthening in senescent MSCs (97) .
Selective growth factors have also been used to maintain the self-renewal and differentiation potential of MSCs. For instance, employing exogenous FGF-2, PDGF and EGF has been reported to increase proliferation ability and delay MSC senescence, without affecting osteogenesis and adipogenesis (98) for therapeutic use.
Conclusion
Recent studies have demonstrated promising results for the therapeutic utilization of MSCs in regenerative medicine. They show strong advantages and ability in cell therapy. However, the number of MSCs is usually 10 8 -10 10 for cell transplantation, which means a single cell in 10 5 primary MSCs has to undergo 17 doublings and is evitable to consume its potential. The proliferative and functional activity of MSCs is destined to decline during the process of senescence, hindering the preparation of sufficient cells for clinical application. This calls for the investigation of the mechanisms of senescence and the development of efficient means to reverse it. This review provides a better understanding of the underlying mechanisms and significance of cellular senescence, facilitating ways to manipulate the replicative lifespan of MSCs. First, histological markers such as SA-β-gal and CFU-F, CD106 and STRO-1, as well as differentiation potential of osteogenesis and adipogenesis are used in detecting MSC aging and senescence. Second, the mechanisms of free radicals and oxidative stress on MSC senescence are illustrated. ROS and the consequent oxidative stress is at the base of aging. It leads to DNA damage, protein damage and mitochondrial dysfunction, which triggers the inner process of senescence, including changes in HDAC and DNA methyltransferase, imbalance of telomere and telomerase, genes and signaling pathways, as well as the secretory phenotype. Considering the above aspects, these strategies could be further investigated to prevent or reverse the MSC aging process.
